In Xishuangbanna, southwest China, the large-scale monoculture rubber plantation replaced the primary tropical forest, which changed the regional hydrology processes and biogeochemical cycles.
INTRODUCTION
Throughfall (TF) is known as an important component of rainfall partitioning in forest ecosystems; it reaches to the forest floor and affects the eco-hydrology processes and biogeochemical cycles in forested watersheds (Levia & Frost ) . In addition, many results have confirmed that TF has apparently spatial and temporal variations (e.g. Keim In Xishuangbanna (Yunnan Province, southwest China), the substantial expansion of rubber plantations replaced the primary tropical forest and induced excessive water loss and soil erosion (Liu et al. ) . The rubber monoculture plantation canopy has changed the redistribution of rainfall to the ground. With daily trampling from latex tapping, the spraying of herbicides and rapid litter decomposition, the surface of the rubber forest became bare. Therefore, splash erosion caused by throughfall is the main focus of soil conservation. In addition, the spatial distribution of TF in the rubber plantation is important for understanding soil erosion and the distribution of soil nutrients in this region; however, there have not been systematic studies on this topic so far (Liu et al. ) . As an irreplaceable economic tree species, there is a clear need for the improved knowledge of key factors contributing to soil erosion in this area. Thus, evaluating the spatial variability and temporal stability of the TF is essential for understanding potential soil water dynamics in artificial forest ecosystems.
This will promote the understanding of interception processes in the rubber canopy. Such studies may provide implications for management strategies for soil protection in rubber plantations.
In this study, we focused on the spatial variability and temporal stability of the TF in a rubber plantation. Specifically, the objectives were to: (1) evaluate the effects of canopy structure and rainfall characteristics on the TF variability, (2) describe the spatial distribution of the TF under the rubber canopy, and (3) identify spatial heterogeneities and temporal stability patterns of the TF.
MATERIAL AND METHODS

Study area
The study site was located in the Xishuangbanna Tropical ness was approximately 77 ± 11%, and the height of the first branch was 6.5 ± 0.8 m. The canopy thickness was approximately 6.5 ± 0.5 m, and the mean leaf area index (LAI) was 3.9 ± 0.9 (i.e. mean ± SD). Tree height was measured using a measuring pole as the length from stem base to apical meristem. DBH was measured using a tapeline and first branch height was measured with tape as the height from the ground to the first branch. The canopy thickness and the canopy openness were visually estimated.
Experimental design
A total of 90 positions were used to measure TF from July 2015 to September 2016. TF was collected using cylindrical plastic rainfall gauges that had collecting areas of 40.15 cm 2 . The throughfall collectors can collect a maximum of 500 ml of precipitation and even the strongest rain event during the measuring period did not exceed this. The experimental plot was divided into 10 rows (i.e.
from Row 1 to Row 10) and 9 ranks (i.e. from A to I), and the TF collectors were formed on 2 × 2.5 m grids (Figure 1(b) ). All TF collectors remained in the same position during the entire experiment, and they were firmly tied to steel bars, which were inserted into the ground vertically. Therefore, the rainfall gauges were level to the ground surface. TF was measured immediately after every rainfall event to reduce evaporation loss. Two different rainfall events had at least 12 h without rainfall. TF volumes were converted to an equivalent depth by dividing by the horizontal cross-sectional area of the rainfall gauges. as co-variables. API is defined by API ¼ P 30 i¼1 P i =i, where P i is total gross precipitation on the ith day beforehand (Mizugaki et al. ) . Index 3 and Index 7 are the sum of precipitation for the previous three and seven days, respectively (Zimmermann et al. ) . The LAI was measured once a month as the canopy structure. Because the LAI was measured once a month, we selected an appropriate day to measure the LAI and avoid the convection rainfall.
These values were determined above every TF position in the late evening by using the LAI-2200 plant canopy analyser with 90 view caps (Li-Cor Inc., USA). We measured the background A value outside the rubber plantation. Then we went into the forest quickly to measure B. The position of the background A value was near the rubber plantation and we could arrive at the position of the B value in about one minute. This would reduce the sky brightness change.
Statistical analysis and calculations
By reviewing the literature, the spatial variability of TF had a relationship with the rainfall amount (Gómez et al. ) and the rainfall intensity (Levia & Frost ) . 
whereT ij is the normalized TF at sampling point i for event j, T ij is the TF at sampling point i for event j, and T j and SD j are the mean TF and the standard deviation of the TF during that rainfall event, respectively. The normalized TF was arranged from the minimum to the maximum. This type of graph explained two types of temporal stability. First, the extreme persistence was defined as the deviation of the nor- 
where n(h) is the number of sample pairs at each distance 
where c is an additional parameter which describes the relationship between lateral flow and gross rainfall (GR). ε 
RESULTS
Throughfall and rainfall characteristics
Between July 2015 and September 2016, a total of 1,112.9 mm of rainfall was collected from 30 individual rainfall events; 13 rainfall events occurred in July, 11 rainfall events occurred in August and six rainfall events occurred in September. The gross rainfall ranged from 6.5 mm to 108.4 mm. Other rainfall characteristics for each event in the rubber plantation are provided in Table A1 ( (Figure 2(d) ). There was a strong linear correlation (P < 0.01) between the gross rainfall and CV TF for each event,
and there was also a strong power correlation (P < 0.01) between I 30 and CV TF . The TF ratio ranged from 60.75% to 103.06% and increased at first with gross rainfall less than 25 mm. When the gross rainfall was more than 25 mm, the TF ratio trended to be stabilized while gross rainfall increased (Figure 2(e) ). Furthermore, the TF ratio also had a large fluctuation when the I 30 was less than 8 mm 30 min À1 . In addition, it was nearly stable when I 30 was >8 mm 30 min À1 (Figure 2(f) ). To describe the integrated effects of the rainfall characteristics (i.e. gross rainfall, I 10 , I 30 , I 60 , Index 3, Index 7 and API) in response to TF, a principal component analysis of the rainfall parameters was performed (Figure 3) . The PCA showed significant effects of the rainfall amount and the rainfall intensity on TF. The first axis of the PCA explained 59.2% of the variance in the TF data, and the second axis explained 25.9% of the variance. The TF under the rubber monoculture plantation was strongly affected by the rainfall characteristics, especially gross rainfall.
The TF was less affected by the antecedent rainfall parameters.
Spatial heterogeneity of throughfall under the canopy
The coefficients of variation for the cumulative TF ranged from 7.59% to 11.00% in the rainfall classification and from 8.33% to 12.34% in the rainfall intensity classification (Table 1) . Moreover, we used geostatistical methods to analyse the spatial differences of the cumulative TF. Table 2 summarizes the semivariance parameters of the two 
Spatial distribution of throughfall under the canopy
There was no significant correlation between the TF and the LAI in all the rainfall events in the same position with raw measurements from different months (P > 0.05). However, there was a significant correlation between the TF and the parameter c (R 2 ¼ 0.868, P < 0.01), which exhibited similar trends in each row ( Figure 5 ). In addition, the parameter c API is antecedent precipitation index. Index 3 and Index 7 are the 3-and 7-day antecedent wetness indices, respectively. was all smaller than 1 at each position. The canopy interception effectively affected the spatial distribution of TF, but the LAI had no obvious relationship with the spatial distribution of TF. The cumulative TF showed some differences in gross rainfall classifications for each group (Figure 6 ). In every group, a belt with low TF appeared from Row 3 to Row 5. This belt was close to the nearest rubber trunk. The belt with low TF became larger as rainfall increased from Gr 1 to Gr 3. When the rainfall amount ranged from 50 to 60 mm (Gr 4), the spatial distribution of TF was the most homogeneous in the plot. The spatial distribution of TF in Gr 4 and Gr 6 was similar, and showed large variability.
The results indicated that the spatial distribution of TF was more even and homogeneous when the rainfall amount ranged from 5 to 40 mm. The 40 mm rainfall was used as a threshold that affected the spatial distribution of TF. The spatial distribution of the cumulative TF was also different in the different groups depending on rainfall intensity (Figure 7) . In every group, a belt with a low TF also appeared from Row 3 to Row 5, which was close to the nearest rubber trunk. From G I 1 to G I 3, with the rainfall intensity increasing, the spatial distribution of low TF decreased. In G I 4, low TF was largest, indicating that when the maximum 30 min rainfall intensity was more than 20 mm 30 min À1 , the spatial distribution of TF was more even and homogeneous.
Temporal persistence of throughfall
The Spearman correlation analysis showed significant positive results (P < 0.01) in six rainfall classes and four rainfall intensity classes (Table 3) . In this regard, we calculated the cumulative TF for 30 rainfall events to analyse the temporal stability of spatial TF. 
DISCUSSION Effects of rainfall characteristics on throughfall
The relationship between TF and gross rainfall has already been studied in many countries and regions, and most of the results confirmed that there was a strong and significant linear correlation between the two (Kato et al. ; Zhang et al. ). Our results were also consistent with these studies. However, there was no consensus regarding the relationship between TF and rainfall intensity. In the floor. In addition, we found there was a significant linear When the rainfall is small or rainfall intensity is low, most of the rainfall is first intercepted by the canopy; as the rainfall or rainfall intensity exceeds a certain threshold, the canopy saturates quickly and generates a great deal of free throughfall, which helps make the TF ratio stable. In this study, we did not compare the TF between the rubber plantation and rainforest in this region, as the rainforest is a little far away from the rubber plantation and there were some differences in rainfall characteristics and geological properties. Sometimes, it was raining in the rubber plantation but in the rainforest it was not. Therefore it was not appropriate to compare TF for a rainfall event. We will conduct long observation periods (such as weekly periods) to analyse the spatial distribution differences of TF between rainforest and artificial forest in future studies.
The CV TF has been reported in numerous studies (Shen This is why the TF was high below the slope. Our results suggested that we need more careful measurements to confirm the biotic and abiotic factors affecting the spatial distribution of TF.
CONCLUSION
In this study, we analysed the spatial variability of TF and its temporal stability in a rubber plantation. Specifically, we evaluated the effect of rainfall characteristics and canopy architecture on the variability of TF and described the spatial distribution of TF. The results indicated that there was a strong linear correlation between gross rainfall and TF for each event and a strong power correlation between peak 30 min rainfall intensity and TF. We also found that CV TF decreased with increasing gross rainfall and rainfall intensity. We also observed that TF had a strong spatial autocorrelation that would decrease during heavy rainfall events. The results indicated that the LAI had no significant influence on the spatial distribution of TF. We interpreted this spatial dependence to be caused by the rainfall drop redistribution, which was caused by rubber leaves and branches, complex meteorological factors, and, in particular, the wind. However, the lateral translocation 
